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Recognition of poly(C) DNA and RNA sequences in mammalian
cells is achieved by a subfamily of the KH (hnRNP K homology)
domain-containing proteins known as poly(C)-binding proteins
(PCBPs). To reveal the molecular basis of poly(C) sequence recog-
nition, we have determined the crystal structure, at 1.7-A resolu-
tion, of PCBP2 KH1 in complex with a 7-nucleotide DNA sequence
(5'-AACCCTA-3’) corresponding to one repeat of the human
C-rich strand telomeric DNA. The protein-DNA interaction is
mediated by the combination of several stabilizing forces including
hydrogen bonding, electrostatic interactions, van der Waals con-
tacts, and shape complementarities. Specific recognition of the
three cytosine residues is realized by a dense network of hydrogen
bonds involving the side chains of two conserved lysines and one
glutamic acid. The co-crystal structure also reveals a protein-pro-
tein dimerization interface of PCBP2 KH1 located on the opposite
side of the protein from the DNA binding groove. Numerous stabi-
lizing protein-protein interactions, including hydrophobic con-
tacts, stacking of aromatic side chains, and a large number of hydro-
gen bonds, indicate that the protein-protein interaction interface is
most likely genuine. Interaction of PCBP2 KH1 with the C-rich
strand of human telomeric DNA suggests that PCBPs may partici-
pate in mechanisms involved in the regulation of telomere/telom-
erase functions.

K-homology domain (KH? domain, originally identified in hnRNP-K)
is one of the most frequently occurring and conserved nucleic acid-
binding protein motifs. So far, a large number of KH domain-containing
proteins have been identified in a wide variety of species ranging from
bacteria to human. These KH domain proteins assume a wide spectrum
of biological functions, including transcriptional and translational con-
trols, nRNA stabilization, and mRNA splicing, among others. Different
KH domains possess quite different nucleic acid binding specificities.
Unveiling how different KH domains interact specifically with their
nucleic acid targets and how these interactions contribute to the com-
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plex regulatory processes is of central importance to a better under-
standing of how KH domain proteins function.

One of the most distinctive nucleic acid binding specificities achieved
by the KH domains is manifested by a subfamily of KH domain-contain-
ing proteins known as poly(C)-binding proteins (PCBPs). As implied by
the family name, PCBPs recognize poly(C) RNA or DNA sequences
with high affinity and specificity (for reviews, see Refs. 1 and 2). To date,
five evolutionarily related PCBPs have been identified in mammalian
cells: PCBP1-4 (also known as a«CP1-4; PCBP1 and -2 are also known
as hnRNP E1 and E2) and hnRNP K. Each PCBP contains three KH
domains: two consecutive KH domains at the N terminus and a third
KH domain at the C terminus with an intervening sequence of variable
length between the second and third KH domains (Fig. 14). In general,
corresponding KH domains share a higher degree of homology than KH
domains within each protein (Fig. 1B). No other discernable nucleic acid
binding motif is present in PCBPs; the KH domains are responsible for
the ability of the PCBPs to interact with poly(C) sequences.

The established examples of functional roles carried out by PCBPs
indicate that these proteins are key mediators in a number of important
cellular processes (1). Binding of PCBP1 or PCBP2 to target RNA
sequences harboring tandem poly(C) stretches within the 3'-UTRs of a
number of cellular mRNAs confers unusual stability to these mRNAs,
including a-globin (3, 4), collagen-al (5, 6), tyrosine hydroxylase (7),
and erythropoietin (8) mRNAs. In the case of a-globin mRNA, it was
established that the stoichiometry of the RNA-protein complex is 1:1;
and a minimum RNA sequence of 20 nt (5'-CCCAACGGGCCCUC-
CUCCCC-3’) was able to form the complex (9). Interaction of two
PCBPs, hnRNP K and PCBP1 or -2, with a C-rich sequence within the
3’-UTR of some mRNAs can also result in translational silencing, as
seen in 15-lipoxygenase (LOX) mRNA (10-12). A recent study identi-
fied 160 mRNA species that associate in vivo with PCBP2 from a human
hematopoietic cell line (13), suggesting that the contribution of PCBPs
in post-transcriptional regulation of cellular genes may be far more
profound than currently known.

Besides cellular RNAs, PCBPs also participate in regulating critical
viral RNA functions. Binding of PCBP1 or -2 to two cis-acting C-rich
sequence containing RNA elements within the 5’-UTR of Poliovirus
mRNA (which is also the genomic RNA) is critical for regulation of
cap-independent translation and replication of the viral RNA (14-18).

Biological functions of PCBPs are further diversified by their ability to
interact specifically with not only RNA but also DNA sequences. Spe-
cific binding of hnRNP K to the single-stranded C-rich sequence in the
promoter of the human c-myc gene activates transcription (19). It was
also shown that hnRNP K and PCBP1 could recognize the C-rich strand
of human telomeric DNA with high affinity in vitro (20, 21); whether
such an interaction is functionally significant is a subject for further
biochemical/biological investigations.
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FIGURE 1. A, schematic diagram of the domain structure of human PCBP2. Similar domain structures are observed in other members of the PCBP family. B, sequence alignment of the
KH domains from the known PCBP proteins PCBP1-4 and hnRNP-K. As a comparison, the sequence of the KH3 domain from NOVA2, which is not a member of the PCBP family, is also
included in the alignment. The crystal structure of NOVA2 KH3 in complex with an RNA was the only crystal structure available fora KH domain-nucleic acid complex prior to this study.
Alignments were carried out using the program ClustalX. The sequence shown for PCBP2-KH1 corresponds to residues 11-82 in the full-length protein. Secondary structures were
based on the crystal structure. Residues involved in hydrogen bonds to the DNA bases are labeled as: S, side chain base hydrogen bond; B, backbone base hydrogen bond, including

water-mediated interactions.

It should be noted that although PCBP functions are diverse, they are
nearly all dependent on the ability of the KH domains to recognize
single-stranded C-rich RNA or DNA sequences with high specificity
and affinity. To reveal the molecular basis of KH domain-poly(C) DNA/
RNA interaction, we have previously used NMR to determine the solu-
tion structure of the first KH domain (KH1) from human PCBP2, and
characterize its interaction with various DNA/RNA molecules (22). In
this study, we report the 1.7-A resolution crystal structure of the PCBP2
KH1 domain in complex with a seven-nucleotide single-stranded DNA
sequence (5'-AACCCTA-3') corresponding to one repeat of the C-rich
strand of human telomeric DNA (htDNA). The structure shows that
PCBP2 KHI1 makes substantial contacts with four nucleotides (5'-
ACCC-3', the core recognition sequence). Interestingly, each of the
three cystosines is specifically recognized by a network of strong hydro-
gen bonds to the Watson-Crick positions involving the side chain func-
tional group of a particular amino acid. Another outstanding feature of
the PCBP KH1 domain is the presence of a protein-protein dimerization
interface located on the other side of KH1 domain from the DNA bind-
ing interface. A large number of protein-protein interactions, including
hydrophobic contacts, stacking of aromatic side chains, and numerous
hydrogen bonds, stabilize the dimerization interface, a feature not
observed in any other KH domain structure previously characterized.
Insights into mechanisms of PCBP functions, in the context of compar-
ison with other available KH domain-nucleic acids complex structures,
are discussed.

EXPERIMENTAL PROCEDURES

Sample Preparation and Crystallization—N-terminal His-tagged
PCBP2 KH1 was overexpressed in BL21(DE3) strain of Escherichia coli
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(Stratagene). For Se-Met-labeled protein, the bacteria were grown in
M9 minimal medium until they reached an A, of 0.6 — 0.8, whereupon
leucine, isoleucine, lysine, phenylalanine, threonine, and valine were
added to the culture to inhibit methionine biosynthesis. After 15 min,
L-seleno-methionine (50 mg/liter) was added, followed by isopropyl--
D-thiogalactopyranoside to a final concentration of 0.4 mMm to induce
expression of the Se-Met-labeled protein. After purification by Ni-ni-
trilotriacetic acid resin (Qiagen), the His tag was removed by the TAG-
zyme system from Qiagen. Crystals of the PCBP2 KH1-DNA (5'-AAC-
CCTA-3') complex were obtained by hanging drop vapor diffusion
against 25% polyethylene glycol 8000, 100 mm sodium acetate, 100 mm
sodium cacodylate, pH 6.1, at 22 °C. The protein concentration was
about 250 uM with a 1:1.2 protein:DNA ratio. Orthorhombic crystals
grew to useful size within 1 day with diffraction to 1.7 A. The crystals are
in space group P2,2,2 (@ = 65.60 A, b = 115.18 A, ¢ = 45.53 A), with
four protein-DNA complexes in one asymmetric unit.

Data Collection, Structure Determination, and Refinement—A single
SAD data set was collected at the peak wavelength of the selenium K
absorption edge from a single frozen selenomethionine-containing
crystal using Beamline 8.3.1 of the Advanced Light Source (ALS) at
Berkeley National Laboratory. Diffraction intensities were integrated
and reduced by using the program DENZO and were scaled by using
SCALEPACK (23) (TABLE ONE). All twelve selenium atoms from the
four protein molecules in an asymmetric unit were located by CNS (24).
An interpretable electron density map was obtained after solvent flat-
tening. The model was built by MOLOC (25) and refined in CNS to an
R factor of 21.5% (Rge. = 23.8%). The final model includes all of the
protein residues 11— 82 (the PCBP2 numbering is used), four DNA mol-
ecules (two molecules have all of the seven nucleotides built; the other
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TABLE ONE

two molecules have five nucleotides built), and 222 water molecules.
Analysis of the geometry shows that all parameters are well within
expected values at this resolution (TABLE ONE). Structure figures were
generated using PyMol.?

RESULTS

Overall Structure of the PCBP2 KHI1-htDNA Complex—There are
four PCBP2 KH1-htDNA complexes in one asymmetric unit, labeled as
complex A, B, C, and D in Fig. 2; the two complexes A and B form a
dimer; the two complexes C and D form another dimer. Electron density
is clearly present for every protein residue in all four complexes. All
seven DNA residues were built in complexes A and C; five DNA resi-
dues were built for complexes B and D, but the two terminal residues
were not built because of alack of electron density. Structures of the four
complexes are otherwise very similar (non-crystallographic symmetry
averaging was not applied; average pair-wise RMSD is ~0.22 A), includ-
ing details in molecular recognition.

The overall structure of the complex (using complex A as a represent-
ative) is depicted in Fig. 3, A and B. The DNA-bound form of PCBP2
KH1 is very similar to the NMR structure of the free protein we previ-
ously determined (22). The structure consists of three a-helices and
three B-strands arranged in the order B1-al-a2-B2-B3-a3. The evolu-
tionarily conserved invariable Gly**-Lys*!-Lys**-Gly* loop is located

3W. L. DeLano (2002) The PyMOL Molecular Graphics System on the World Wide Web,
www.pymol.org.
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Crystallographic refinement statistics
Crystal data
Space group P2,2,2
Unit cell dimensions (A) a = 66.60,b = 115.18,
¢ =45.53
z? 4
X-ray data collection statistics
Wavelength (A) (SeMet SAD peak) 0.979594
Resolution (A) 60.0-1.70
Observed reflections 314,041
Unique reflections 39,246
Completeness (last shell) (%) 99.6 (97.6)
Ryperge (%)” (last shell) 9.2 (88.7)
I/o (last shell) 15.3 (2.1)
Phasing and refinement statistics
Resolution (A) 45.5-1.70
Reflections in working set 39,092 FIGURE 2. Structures of the PCBP2 KH1-htDNA complexes in the asymmetric unit.
- - There are four complexes in the asymmetric unit, colored red, blue, green, and cyan for
Reflections in test set (10.0%) 1,935 complex A, B, C, and D, respectively.
Reryst (%)° 23.5
Rgee (%)° 25.6
Phasing power 2.20
Figure of merit (after solvent 0.41 (0.92)
flattening)
RMSD bonds (A) 0.0046
RMSD angles (°) 1.16
Mean B-factors (A?) 22.7
“z is the number of equivalent structures per asymmetric unit.
b Reerge = 2t = L)/ 21,1 where I, is the measured intensity of /iki reflection,
and (I;,;,) is the mean of all measured intensity of /1k/ reflection.
Reryst = 2l Fobsl = [Fearcdl /21,00 F ol where Fp,is the observed structure factor
amplitude, and F_,. is the structure factor calculated from the model. Ry, is
computed in the same manner as is Ry, With the test set of reflections (10%).

FIGURE 3. A, overall structure of the PCBP2 KH1-htDNA complex. The KH domain is ren-
dered by ribbon representation in cyan. The htDNA is shown using a sticks representation
in magenta. Secondary structure elements of the KH domain are labeled. The side chains
of R40, E51, and R57, which are involved in hydrogen bonds (depicted as yellow dashed
lines) to the bases of the central poly(C) residues, are shown as sticks in blue. B, compar-
ison of free (NMR, in red) and DNA-bound (x-ray, in cyan) structures of the PCBP KH1
domain. The bound DNA is also shown as sticks in magenta.

between a1 and «2; the variable loop (Ser®*—Pro®®) is between 2 and
B3. The three B-strands form an antiparallel B-sheet, with a spatial
order of B1-B3-B2; the three a-helices are packed against one side of the
B-sheet. Hydrophobic interactions seem to play an important role in the
packing of the structural elements to form a compact global fold; the
residues in the core are exclusively hydrophobic.

The C-rich strand of human telomeric DNA binds to PCBP2 KH1 in
a groove defined by the juxtaposition of two a-helices (a1 and @2), two
B-strands (82 and 83; only one residue from 83, Arg”’, participates in
direct contact with the DNA), and two connecting loops (the GKKG
loop and the variable loop). This binding groove is consistent with what
we previously determined by NMR chemical shift perturbations (22);
note that chemical shifts are reported in the Supplementary Materials in
Ref. 22. The limited length of the groove only allows the accommoda-
tion of four DNA residues (Ade-2 to Cyt-5) as the core recognition
motif. Other flanking DNA residues are not involved in direct contact
with the protein (Fig. 34).
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FIGURE 4. DNA recognition. A, surface representation of PCBP KH1 illustrating contribu-
tions of hydrogen bonds to DNA phosphate groups, electrostatic interaction, van der
Waals contacts, and shape complementarities to DNA binding. Positively charged, neg-
atively charged, uncharged hydrophilic, and hydrophobic residues are colored in blue,
red, yellow, and green, respectively; glycines are in white. The DNA backbone is stabilized
by two hydrogen bonds (depicted as yellow dashed lines; one of the hydrogen bonds is
mediated by a bound water, depicted as a red sphere) and electrostatic interactions with
the positively charged residues located on the left ridge of the DNA binding groove. Van
der Waals contacts with the hydrophobic residues forming the floor of the binding
groove (V25, G26, 129, V36, 147, and 149) also provide an important stabilizing force for
DNA recognition. B, 2F, — Felectron density map contoured at 1o showing recognition
of the three cytosines by the side chain functional groups of R57, R40, and E51, respec-
tively. C, stereoview for the recognition of the three cytosine bases. The dense network of
hydrogen bonds (yellow dashed lines) responsible for specific recognition is shown. Four
water molecules (depicted as red spheres) are integral parts of this network. The DNA is
represented as magenta sticks. The protein is represented as a ribbon in pale cyan, with
sticks shown for those residues whose side chains (in blue) or backbones (in cyan) are
involved in hydrogen bonds. To illustrate the binding environment of cytosine-5 in the
crystal lattice, a symmetry-related adenosine (labeled as sym_Ade-7 in gold) is shown.

Specific Recognition of the Core Sequence—Recognition of the core
motif, Ade-2 to Cyt-5, is achieved by the combination of several forces
including hydrogen bonding, electrostatic interactions, van der Waals
contacts, and shape complementarities. The human telomeric DNA
binds in a groove running from the C-terminal region to the N-terminal
region of PCBP2 KH1 domain (Fig. 3A4). The overall orientation of the
DNA backbone is similar to that previously observed in other DNA/
RNA-KH domain complexes (26 -30), with the 5’- and 3'-ends inter-
acting with the C- and N-terminal regions of the KH domain,
respectively.

Two phosphate groups of the DNA participate in intermolecular
hydrogen bonds (Fig. 44). O1P of Cyt-3 accepts a hydrogen bond from
the backbone amide of Lys** within the conserved GKKG loop. This
hydrogen bond formation explains the large NMR chemical shift of the
Lys®* amide proton (downfield, 0.86 ppm) we previously observed (22).
A water molecule forms a bridge between the phosphate group of Thy-6
and the backbone carbonyl of Tle*’.

The DNA backbone roughly runs along the left ridge of the binding
groove, where four positively charged residues (Lys®' and Lys®” from the
invariable GKKG loop, Lys®” and Arg" from helix a2) make close con-
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tacts with the phosphate groups of Cyt-3, Cyt-4, Cyt-5, and Thy-6 (Fig.
4A). Conservation of these positively charged residues suggests that
electrostatic interactions may play a role in interaction with the DNA
backbone.

The ribose and base moieties of the core recognition sequence fit
nicely inside the binding groove (Fig. 44). For Ade-2, no specific inter-
actions are observed, but van der Waals contacts are mainly provided by
Gly?, Ser®’, and Lys®'. Base-stacking with Ade-1 is observed. Binding at
this position does not seem to be sequence-specific. For the three
cytosines, most of their Watson-Crick functional groups of the bases
point to the right, forming specific hydrogen bonds with protein resi-
dues from the B-strands (82 and 3) and variable loop. The size of the
groove may dictate the preference for pyrimidine bases at these posi-
tions. There are extensive hydrophobic contacts between the riboses/
hydrophobic faces of the cytosine bases and the aliphatic side chains
that dominate the floor of the binding groove (Fig. 44). For Cyt-3, van
der Waals contacts are provided by Val*®, Gly*, and 1le*’; for Cyt-4, the
hydrophobic environment is created by 1le*, Val®®, and 11e*. For Cyt-5,
Ile*” is involved. These conserved hydrophobic residues are presumably
important for the function of the KH domain. A single mutation of an
isoleucine to an asparagine in the second KH domain of FMR1 (corre-
sponding to Val®** in PCBP2 KH1) is known to cause a particularly severe
presentation of the mental retardation syndrome (31). In our hand,
mutation of Val® to an asparagine caused PCBP2 KH1 domain to aggre-
gate in the inclusion body; we were not able to refold the protein despite
substantial efforts. It seems as though the conserved hydrophobic resi-
dues are somehow important for proper folding and/or solubility of
PCBP2 KH1 domain.

Specific recognition of the poly(C) sequence is achieved by an exten-
sive network of hydrogen bonding interactions (Fig. 4, B and C). For
Cyt-3, the side chain of Arg®” provides two hydrogen bond donors to the
02 and N3 acceptors of Cyt-3. The side chain conformation of Arg®” is
rather extended in order to reach Cyt-3 from strand 3; this extended
conformation is further stabilized by two hydrogen bonds to the back-
bone carbonyl oxygen of Ser®. Hydrogen bonds involving the N4 amino
group of Cyt-3 entail an intrastrand hydrogen bond to the O1P phos-
phate group of Ade-2 and a water bridge to the backbone carbonyl
oxygen atoms of Gly*> and Cys>*. This network of hydrogen bonds
provides a molecular mimicry of a guanine to form Watson-Crick-like
interactions with Cyt-3, therefore defining the specificity for a cytosine
at this position of the DNA sequence.

For Cyt-4, the N4 amino group of Cyt-4 forms two hydrogen bonds:
one with the backbone carbonyl oxygen of Ile*’, the other with a water
which bridges to the amide group of Gly>>. The N3 group of Cyt-4 forms
ahydrogen bond with another water, which bridges to the amide of Tle*
and the O2 group of Cyt-5. Involvement of the amide group of Ile* in a
hydrogen bond explains the big downfield NMR chemical shift change
(1.31 ppm) we previously observed for Ile*” amide proton upon complex
formation with the htDNA (22). The O2 group of Cyt-4 forms hydrogen
bonds with the side chain of Arg*® from helix 2. The extended confor-
mation of the Arg™ side chain is stabilized by hydrogen bonds to the
backbone carbonyl of Ile*” from strand 82. Intrastrand base stacking
with Cyt-5 also contributes to defining the binding environment for
Cyt-4.

For Cyt-5, the side chain of Glu® from the variable loop forms two
hydrogen bonds to the N4 and N3 groups. The conformation of the
Glu®' side chain is further stabilized by a water bridge to the side chain
carbonyl oxygen of Asn®®. The base of Cyt-5 engages in stacking inter-
actions with the base of Cyt-4 on one face and the base of an adenosine
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FIGURE 5. Dimerization of the KH domain. A, view of the PCBP2 KHT homodimer. The
two monomers are colored green and cyan in the ribbon representation; residues located
at the dimerization interface are shown as sticks. The bound DNAs are shown in magenta.
The DNA binding groove and the dimerization interface are located on opposite sites of
the molecular surface. Four generic (involving only backbone amide and carbonyl
groups) intermolecular hydrogen bonds at the dimerization interface are depicted as
yellow dashed lines; two of these are bridged by water, shown as red spheres. A number of
non-generic hydrogen bonds (involving side chain functional groups) also present at the
dimerization interface (not shown, see text for details). B, surface representation of a
monomer showing the large hydrophobic area (green) of the dimerization interface. The
view is ~180° from that of Fig. 4A; the coloring scheme is the same. C, close-up view of
the PCBP2 KH1 dimerization interface.

from a symmetry-related DNA strand (labeled as sym_Ade-7 in Fig. 4C)
from an adjacent complex in the crystal lattice on the other face.
Dimerization of the PCBP2-KHI Domain—Numerous interactions
stabilize the formation of the PCBP2 KH1 homodimer (Fig. 5, A, B, and
C). The two protein domains in the dimer are arranged in a head-to-toe
manner, with the dimerization interface located on the opposite side of
the protein from the DNA binding groove. The dimerization interface is
defined by the anti-parallel positioning of the longest a-helix («3) and
B-strand (B1) in the protein domain. The molecular interactions medi-
ating the dimerization of the KH domains are truly remarkable in that
they are the kinds of interactions normally encountered in the folding of
a compact, integral protein motif. There is a hydrophobic interior core
defined by the hydrophobic side chains of Leu'?, 1le'®, Leu'® from the
two B-strands (B1s), and Ile®®, Phe”?, Ile”®, Leu”® from the a-helices
(a3s). Stacking of the two Phe”* aromatic rings is also observed. Dimer-
ization orients the two three-stranded antiparallel B-sheets of the
monomers in such a way that a six-stranded antiparallel B-sheet is
formed. Four generic (backbones only) hydrogen bonds stabilize the
antiparallel arrangement of the two B1-strands. These include: two
from Leu'” amide to Arg'” carbonyl oxygen, and two water bridges from
Arg'” amide to Leu'® carbonyl oxygen. There are also quite a number of
non-generic (involving side chain functional groups) intermolecular
hydrogen bonds formed at the dimerization interface, including two
from the side chain of Arg'” in molecule A to the side chain of Glu®® in
molecule B, one from the side chain of Arg'” in molecule B to the side

chain of Glu®® in molecule A, one from Val'? backbone in molecule A to
the side chain of Glu® in molecule B, one from the side chain hydroxyl

of Thr®® in molecule B to Glu® side chain in molecule A, and one water
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bridge from the amide of Thr® in molecule A to the side chain of Glu®
in molecule B.

Formation of the dimer buries 1188 A2 of solvent-accessible surface
area in each monomer. The molecular surface forming the dimerization
interface is rather hydrophobic in nature (Fig. 5B). Such a big area of
hydrophobic surface should provide a significant driving force for for-
mation of the protein-protein interface. Whether the dimerization of
the PCBP2 KH1 domain depicted in Fig. 5, A and C is biologically sig-
nificant is not clear at the present time. However, the details about the
driving forces for dimer formation as revealed by our crystal structure
strongly suggest that the dimer should be very stable. KH domain
dimers were also observed in the crystal structures of free and RNA-
bound forms of NOVA2 KH3 (32), and DNA-bound form of hnRNP K
KH3 (32). Only the dimerization interface of free NOVA2 KH3 is sim-
ilar to that of PCBP2 KH1 in terms of the involvement of both strand 81
and helix @3 in an antiparallel arrangement. Other interfaces do not
possess such a full set of “native-like” stabilizing interactions as we
observe in the PCBP2 KH1 interface. The same PCBP2 KH1 dimer is
also present in the crystal structures of PCBP2 KH1 in complex with a
12-nt DNA and RNA with different crystal packings.* Given the
remarkable features and reoccurrence of the PCBP2 KH1 dimer, it is
tempting to speculate that some KH domains may have a natural pro-
pensity to dimerize (self-association, forming heterodimers with other
KH domains, or interacting with other proteins) through the pl/a3
interface; depending on the properties of the residues present at the
interface. For such KH domains, they cannot only play a role in interac-
tion with nucleic acids, but also in protein-protein interactions. More-
over, because there is no overlap between the nucleic acids and protein
interaction, binding to nucleic acids and protein partners can happen
simultaneously, which may be functionally important in certain
scenarios.

DISCUSSION

The DNA-bound form crystal structure of the PCBP2 KHI1 is very
similar to the unliganded structure we previously determined by NMR
(22). The most noticeable structural change upon DNA binding is seen
in the variable loop region. In the free form structure, the variable loop
is pointing outward, resulting in a more open binding groove; in the
DNA-bound form, the variable loop wraps back toward the groove to
achieve close contacts with the DNA (Fig. 3B). In several other KH
domain-nucleic acid interactions (26-30), the nucleic acid binding
groove is also largely preformed. This appears to be a common property
among KH domains.

Prior to this study, there were two KH domain-nucleic acid co-crystal
structures available in the literature: the 2.4-A structure of NOVA2
KH3 in complex with a SELEX RNA stem loop (28), and the 1.8-A
structure of hnRNP K KH3 in complex with a 6-nt DNA (30). There are
also several complex structures determined by NMR: splicing factor 1
(SF1) KH with single-stranded RNA (29), FUSE-binding protein (FBP)
KH3 and KH4 with ssDNA (27), and hnRNP K KH3 with ssDNA (26). A
previous analysis of these structures (30) revealed that the NMR struc-
tures of the KH domains of hnRNP K and FBP with ssDNA differed from
other KH domain-nucleic acid complexes in that they employed weak
methyl-mediated hydrogen bonds to achieve specific recognition of the
Watson-Crick positions of the DNA bases, with different relative posi-
tioning of the DNA bases as a possible result. A comparison of the other
structures led the authors to the following conclusions: each KH
domain recognized a core motif of four nucleotides; only pyrimidines

4Z.Du, ). K. Lee, R. Tjhen, L. Shang, R. M. Stroud, and T. L. James, unpublished results.
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FIGURE 6. Comparison of the PCBP2 KH1-htDNA and the NOVA2 KH3-RNA co-crystal
structures. The sequences of PCBP2 KH1 and NOVA2 KH3 are ~23% identical and ~47%
similar. A, structure of the PCBP2 KH1-htDNA complex. This rendering is virtually identi-
cal to that in Fig. 4C except that the viewing window includes the whole structure, and
the residues defining the hydrophobic floor of the binding groove are shown as sticks
(labeled in green). See Fig. 4C for a detailed annotation. B, crystal structure of the NOVA2
KH3-RNA complex (28). For clarity, only five residues out of the 20-nt crystallization stem-
loop RNA are shown. Coloring and annotation are comparable to the PCBP2 KH1-htDNA
complex. Stick representations are shown for residues involved in hydrogen bonds with
the bases of the RNA and defining the hydrophobic floor of the binding groove, colored
in blue and green, respectively.

were found at the first and fourth positions; recognition of the second
and third bases were in general realized by hydrogen bonds from the
protein residues to the Watson-Crick edges of the bases. With the latest
entry of our PCBP2 KH1-htDNA complex into the structural data base
of KH domain-DNA/RNA interactions, we discuss how our structure
reinforces some of the common features of the interactions, while also
providing new structural insights. We mainly compare our structure
with the crystal structures of NOVA2 KH3-RNA and hnRNP K KH3-
DNA complexes.

Although the sequence specificity for nucleic acid recognition of
NOVA?2 KH3 is different from that of PCBP2 KH1, comparison of the
two co-crystal structures nonetheless reveals some very interesting sim-
ilarities (Fig. 6, A and B). The overall structures of the two KH domains
are similar, and a common binding groove is utilized for nucleic acid
recognition. More remarkably, the four RNA/DNA residues of the core
recognition sequence, 5-UCAY-3' (RNA, Y is a pyrimidine) for
NOVA2 KH3 and 5'-ACCC-3" (DNA) for PCBP2 KH1, adopt quite
similar conformations; the bases and riboses of corresponding nucleic
acid residues occupy virtually the same location, with mostly similar
orientations.

The identity of the nucleotide at the first position of the core recog-
nition motif differs for PCBP2 KH1 and NOVA2 KH3 (A versus U). In
the PCBP2 KH1 complex, this position does not involve base-specific
interactions. The base of the first nucleotide is positioned on top of helix
«al; the backbone of the nucleic acid winds around the helix downward,
placing the base of the second nucleotide close to the bottom of helix a1.
The bases of the first and second nucleotides act like a pair of molecular
tongs grasping the helix (Fig. 6, A and B). Two glycines in this helical
segment are absolutely conserved (Gly*® and Gly* in the PCBP2 KH1
numbering scheme. See Fig. 1B for sequence alignments). Other amino
acids with larger side chains at these positions presumably would hinder
binding of the nucleic acid.

Recognition of the second nucleotide in the core sequence (cytosine
in both cases) is highly specific and very similar for the two complexes.
The O2 and N3 positions of the cytosine form two hydrogen bonds to
the guanidino group of a conserved arginine. One of the hydrogen
bonds involving the N4 group is also identical: an intrastrand hydrogen
bond to the backbone O1P of the preceding residue. Although the other
hydrogen bond involving the N4 group is different, the protein residue
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involved occupies the corresponding position in both proteins (Gly** in
PCBP2 KH1 and Glu™* in NOVA2 KH3). Van der Waals contacts with
the second position cytosine are provided by a set of conserved hydro-
phobic residues (Val*®, Gly*®, and Ile* in PCBP2 KH1; Val'7, Gly'®, and
Leu?! in NOVA2 KH3). At the third position, the residues differ (Ade
for NOVA2 KH3 and Cyt for PCBP2 KH1). As a result, the hydrogen
bonds responsible for specific recognition of the third position residue
are different. However, the amino groups (N6 in Ade and N4 in Cyt)
have the same hydrogen-bonding partner: the backbone carbonyl oxy-
gen of a conserved isoleucine (Ile*” in PCBP2 KH1 and Ile*' in NOVA2
KH3). The van der Waals interactions for the third position residue are
also very similar: a set of hydrophobic residues are conserved (Ile®,
Val*®, and Ile** in PCBP2 KH1; Leu®, Leu®®, and Ile*! in NOVA2 KH3),
and the third and fourth position bases are stacked in both complexes.
Recognition of the residue at the fourth position of the core motif is less
specific for NOVA2 KH3. However, in both complexes, the fourth res-
idue base is stabilized by stacking with bases on each side (Fig. 6, A and
B), and van der Waals contacts are provided by a conserved isoleucine
(Ile*” and Tle* in PCBP2 KH1 and NOVA2 KH3, respectively).

PCBP2 and hnRNP K both belong to the PCBP family, with similar
sequence specificity for poly(C) DNA/RNA sequences. Comparing the
sequences of PCBP2 KH1 and hnRNP K KH3, they are ~32% identical
and ~55% similar. Although the coordinates of the hnRNP K KH3-
DNA complex have not yet been deposited, a comparison can still be
made based on the description of the structure (30). The core recogni-
tion tetranucleotides of PCBP2 KH1 and hnRNP K KH3 differ only in
the first position. It is clear from our structure that the first core recog-
nition position can also accommodate a purine; since there is no base-
specific interaction involved, this position for PCBP2 KH1 should also
permit other types of residues. The rest of the core sequence is identical,
but the specific hydrogen bonds involved in recognition are not. Most
noticeably, recognition of the cytosine at the fourth position in the
hnRNP K KH3 complex involves only water-mediated hydrogen bonds,
whereas in the PCBP2 KH1 complex the side chain of Glu®" directly
forms two hydrogen bonds to the cytosine (Fig. 4B). Intriguingly, a glu-
tamate residue is also present at the corresponding position in the
hnRNP K KH3 sequence (Fig. 1B). We noticed that the variable loop of
PCBP2 KH1 (within which Glu®' is located) is shorter than that of
hnRNP K KH3. While most of the residues from the variable loop of
PCBP2 KHI actively participate in hydrogen bonding with the DNA
bases (Fig. 1B, notice the labels above the PCBP2 KH1 sequence), the
opposite is true for hnRNP K KH3; only one of the variable loop residues
is involved in protein-DNA interactions in one complex of the crystal-
lographic dimer. (None of the variable loop residues interacts with the
DNA in the other complex of the dimer.) Correspondingly, the variable
loop of PCBP2 KH1 wraps back toward the nucleic acid binding groove
and becomes more ordered upon binding (Fig. 3B), whereas the variable
loop of hnRNP K KH3 remains poorly ordered before and after binding
(30).

Recognition of the cytosines at the second and third positions is very
similar. The specific hydrogen bonds are mostly conserved, presumably
dictated by sequence conservation. Three comparably positioned water
molecules are involved in the network of hydrogen bonds in both com-
plexes. Interestingly, although each water bridge bonds to the same
position of the DNA bases, mostly different partners are found on the
other side of the bridge. This may reflect a sequence-dependent optimi-
zation of the binding interactions.

The proteins of the PCBP family contain three copies of the KH
nucleic acids binding domains (Fig. 14), but how many of these domains
are capable of binding poly(C) sequences? From the crystal structures, it
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is now clear that PCBP2 KH1 and hnRNP K KH3 can both do so as an
isolated domain. Based on knowledge about the critical residues respon-
sible for specific recognition gained by the crystal structures and
sequence alignments (Fig. 1B), all KH1 domains (probably except
hnRNP K KH1, which has an aspartic acid instead of glutamic acid at
position 51) and KH3 domains should be able to bind poly(C) sequences
in a way similar (if not identical) to PCBP2 KH1 and hnRNP K KH3,
respectively. We have prepared an '*N-labeled sample of the PCBP2
KH3 domain (which has an Asp at the position corresponding to Glu®"
in PCBP2 KH1) and observed significant chemical shift changes in the
fingerprint amide resonances upon addition of the same 7-nt htDNA
(Supplementary Materials, Ref. 22), indicating a specific binding event.
Because of conservation of the two arginines at positions 40 and 57
(PCBP2 KH1 numbering), all KH2 domains should also be able to spe-
cifically recognize at least two cytosines at the second and third posi-
tions of the tetranucleotide core motif. It is likely that all three of the KH
domains within each PCBP are capable of poly(C) binding. Interdomain
interactions as well as protein-protein interactions could mediate bind-
ing of particular nucleic acids to the proteins of this three KH domain
family.

In the PCBP1/2-a-globin mRNA complex, it was established that a
minimum RNA construct containing three stretches of poly(C)
sequences formed a 1:1 complex with PCBP2 or PCBP1 (9), consistent
with each KH domain recognizing one stretch of the poly(C) sequence.
This kind of nucleic acid-PCBP interaction would increase the sequence
specificity and affinity of interaction on the one hand, and might help to
constrain one or both of the interacting partners (the nucleic acid and
the PCBP) in certain biologically significant conformations on the other
hand. Of course, other ways of interaction exist. One established exam-
pleis the interaction of PCBP1 or 2 with two C-rich sequence-harboring
RNA structures within the 5'-UTR of poliovirus type-1. The KH1
domain is the major determinant for interaction with both RNAs.
Therefore, although PCBP2 KH1 and KH3 (very likely also KH2)
domains can all bind single-stranded DNA/RNA, they are clearly not
functionally equivalent to one another in these cases. The crystal struc-
tures of the PCBP2 KH1 and hnRNP K KH3 complexes reveal some
different structural features in binding to poly(C) sequences. These may
correlate to distinguishable differences in binding affinity and specificity
(regarding the identity of the first nucleotide in the core motif). It is also
possible that some KH domains, such as PCBP2 KH1, have evolved
some special features to cope with recognition of poly(C) sequences
presented in more constrained conformations within highly structured
RNAs.

Another important insight into PCBP function gained from our crys-
tal structure is the revelation that PCBP2 KH1 domain has a protein-
protein interaction interface (the dimerization interface), suggesting
that given an appropriate composition of amino acids residues on the a3
and 1 surface, some KH domains are capable of assuming non-exclud-
ing dual functional roles in nucleic acid and protein interactions.
Although the nucleic acid binding interface and the protein interaction
interface are located on opposite sites of the domain, a study on the
Nova2 KH3 domain (33) suggested that the processes of nucleic acid
binding and protein interaction might be correlated. Binding to one
interface induced stiffening in other regions of the protein and therefore
reduced the entropic cost of binding to the other interface.

Most of the published studies on PCBP2 have been directed to func-
tions dependent on RNA binding events, with only a few reports (21, 22)
suggesting its possible involvement in mechanisms associated with
DNA recognition. Our co-crystal structure of the PCBP2 KH1-htDNA
complex, in conjunction with our previous NMR study of the complex

NOVEMBER 18, 2005« VOLUME 280-NUMBER 46

in solution (21, 22), proves that PCBP2 has the ability to bind to poly(C)
DNA sequences specifically; poly(G), poly(A), poly(T), and poly(U)
sequences did not yield chemical shift changes. This feature should
enable PCBP2 to assume functional roles in mechanisms dependent on
DNA binding, such as transcriptional regulation and telomere
maintenance.

The tandem arrangement of poly(C) stretches on the human C-rich
strand telomeric DNA is very similar to some of the known RNA targets
for PCBP1 and PCBP2 (such as the 3'-UTR of a-globin mRNA and
some other ultrastable mRNAs). It is fully possible that PCBP1 or -2
would bind to the C-rich strand of htDNA in a manner somewhat sim-
ilar to the a-globin complex. Recent progress on telomere/telomerase
biology has shown that the telomere/telomerase complex can exist in
different stages (34). Whereas the C-rich strand may be present in a
double-stranded form with the complementary G-rich strand, at certain
stages the DNA telomere or telomerase RNA may have the C-rich
htDNA or the RNA template in a single-stranded conformation. Such a
scenario would permit the involvement of proteins of the PCBP family
in regulation of telomere and telomerase activities through specific
binding to the exposed C-rich strands. To this end, we have confirmed,
through antibody pull-down experiments and mass spectroscopy, that
PCBP1 is one of the nucleic acid-binding proteins present in the human
telomere/telomerase complex.* Further structural and biological stud-
ies are being carried out to increase our knowledge of the exact involve-
ment of PCBPs in telomere/telomerase regulation.
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